Mental stress is a known risk factor for disease. This study investigated changes in sensations of taste and pungency before and after mental stress. Thirty healthy male university students rested for 20 min, performed mental arithmetic tasks for 10 min, and then underwent measurement of changes in their taste and ability to discern pungency. Taste was measured with the "Taste Disk ® ," and pungency was measured by a filter-paper disc method using capsaicin solution. Subjects were not told the order of the reagent solutions used. To quantify pain sensation, a weak current applied to the central inner forearm skin by a Pain Vision ® quantitative pain sensation analyzer was gradually increased. The degree of stress was measured by portable electrocardiography (ECG). During mental stress, the cognitive threshold of salty taste, sweet taste, and bitterness was significantly decreased, whereas the sensations of pungency and forearm skin pain were increased and showed significant correlation. Based on sympathetic nerve activity analyzed with the ECG, the subjects were divided into the mental stress group and non-mental stress group. The mental stress group experienced an increase in the pungency threshold and sensation of forearm skin pain with significantly high correlations obtained, whereas no correlation was found between these factors in the non-mental stress group. Acute mental stress increased the sensitivity to taste but decreased the sensitivity to the sensation of pungency on the tongue and pain on the skin. Sympathetic activity activated by stress may affect taste and the sensation of pungency.
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The number of patients with lifestyle diseases (1), psychiatric diseases (2) , and inflammatory and irritable bowel diseases (3) is increasing in developed countries, and the involvement of mental stress has been noted in these diseases (3, 4) . In Japan, efforts are also being made to require companies to manage the mental stress of workers (5) . Such social situations have led to an increase in academic research on stress in recent years.
Epidemiological studies have mainly reported that patients with hypertension (6), obese people (7), depressed patients (8) and those thought to undergo long-term stress (9) experience abnormalities in appetite and taste. For example, in hypertension with salt sensitivity, a decrease in the ability to discern a salty taste due to a high salt intake habit is suggested to be a factor leading to an increase in blood pressure (6) . In addition, taste disorder in depression due to the exhaustion of neurotransmitters such as serotonin and adrenaline, the increased demand for zinc, which is a synthetic element of these neurotransmitters, and a decrease in the dietary intake of nutrients due to decreased appetite are also considered to be involved (8) . In the case of persistent stress, cortisol is also secreted in addition to adrenaline and noradrenaline, which are enhanced at the time of rapid stress (9) .
In recent years, receptors for noradrenaline and serotonin have also been found in the taste buds (10) . Regarding the relation of stress with dietary intake, although a few studies have reported on changes in taste, with diverse results (7) (8) (9) (11) (12) (13) , to our knowledge, there are hardly any reports of the effects of mental stress on the sensitivity to pungency.
Adrenaline and noradrenaline are also known to affect the central nervous system and to alleviate the E-mail: asawai@bio.kanagawa-it.ac.jp sensation of pain (14) . The pain stimulus is sensed by nociceptors, the stimulation is brought to the forefront, and it is recognized by the cerebrum as pain through sympathetic mediation in the spinal cord. Depending on the magnitude of the pain, a reward system substance is secreted that relaxes the sensation of pain and pleasure. Various substances cause the body to feel pain, and pungent ingredients contained in foods and spices are one of them (14) . Pungent taste is experienced as a pain sensation, not taste, as it causes pain, perspiration, fever, and psychological aspects such as pleasure associated with the sensation of pain (14) . Red pepper is one of the spices used in various countries in Asia, and it has been used in meals in various ways in Japan in recent years (15) . Capsaicin, the main ingredient in hot chili peppers, stimulates the temperature sensation through transient receptor potential cation channel subfamily V member 1 (TRPV1) and induces a sensation of heat (16) . It also highly influences physiological functions such as increasing body heat production even when a small amount is ingested orally (17) . Red pepper and capsaicin help to expend body fat (17) and are used as analgesics (18) to aid in health care. However, these so-called spices including chilies are highly irritating to the gastrointestinal mucosal tissue (19) (20) (21) , so as stimulants in colorectal diseases, these contents need to be considered depending on the symptoms. Therefore, in this study, we investigated both the effect of stress on taste and pungency in subjects under a mental load and the effect of mental stress on pain sensation because pungency is perceived as pain.
METHODS

Subjects.
The subjects of this study were 30 male university student volunteers (average age 21.0761.31 y). Subjects were selected according to the following criteria: 1) body mass index (BMI) from 18.5 to 24 kg/m 2 , 2) moderate resistance to pungency as they do not eat pungent foods every day, but they do not dislike pungent foods, 3) no diseases of the cardiovascular system or gastrointestinal tract, and 4) no routine exposure to strong stress conditions. The average height of the subjects was 171.866.5 cm, the average weight was 63.8610.0 kg, and the average BMI was 21.662.7 kg/m 2 .
Measurements. The subjects wore electrocardiography (ECG) electrodes (disposable monitoring electrode L bead load; Nihon Kohden Industry Co., Ltd.) attached to an ECG monitoring system (TM2425-ECG; A & D Company) (22) . Subjects were examined during weekdays from 9 am to 12 am while being kept fasted. To avoid effects from differences in hunger state and taste sensation of the subjects' ingested breakfast on the experimental results, we required the subjects to finish breakfast 3 h before the experiment, not to ingest any stimulants or taste anything, and to drink only water. On the day of the experiment, subjects were confirmed not to have taken breakfast or food and drink other than water and not to have smoked.
The protocol is shown in Fig. 1 . The subjects rinsed the inside of their mouth with water and then sat at rest. Thereafter, ECG of each subject was measured at rest for 20 min (rest 1). Then, the tests of taste, the pain sensation and pungency were conducted while with eyes masked. The pain sensation of the subjects was measured 3 times at rest with a quantitative pain analysis device (Pain Vision ® ; NIPRO Co., Ltd.) through electrodes (23) applied to the central brachial surface of the left forearm. Then, the eye mask was removed and ECG of each subject was measured at rest for 10 min (rest 2) and the mental arithmetic test was done for 10 min. Then, tests of taste, the pain sensation and pungency were conducted while an eye mask was worn.
Mental arithmetic test. As a stress load, a mental calculation task was presented on a PC monitor, and the subjects entered answers to this mental stress load for 10 min (24) . The mental arithmetic stress test involved serial subtraction of 17 from 8,500; thus, subjects progressively calculated 8, 500217, 8, 483217 , and so on. Immediately after this stress load, tests of taste and pungency were conducted again.
Monitoring of blood pressure, heart rate, and sympathetic activity. ECG and heart rate (HR) were recorded beatto-beat during rest and the mental stress tests. Blood pressure was measured every 3 min during rest and the tests. Low-frequency (LF; 0.04-0.15 Hz) and high-frequency (HF; 0.15-0.40 Hz) components of the ECG RR interval power spectrum derived from the TM2425-ECG recorder were analyzed. The LF/HF ratio was regarded as an index of sympathetic activity. Mean HR, mean systolic blood pressure (SBP) and diastolic blood pressure (DBP), and mean LF/HF ratio were calculated for the initial resting period and during the stress tests (25, 26) .
Taste test. The taste test was conduct using the filterpaper disc method (24) . The filter papers were placed in a 37˚C water bath of liquids with various percent concentrations of four tastes: sweet: 0.3, 2.5, 10, 20, and 80%; sour: 0.0, 0.2, 2, 4, and 8%; salty: 0.3, 1.25, 5, 10, and 20%; and bitter: 0.001, 0.02, 0.1, 0.5, and 4% (Taste Disk ® , Sanwa Chemistry Research Lab., Inc.) (27) . The subjects wore an eye mask during the taste examinations and pungency examinations to ensure accurate examination. The eye mask was removed during rest 2 and the mental arithmetic stress test. The subjects replied to the question of whether they could taste the filter paper after it was placed on the tip of their tongue for 30 s. The subjects washed their mouth with water after each filter-paper disc was removed.
Pungency test. The pungency test was also conducted using the filter-paper disc method. During the pungency testing, the patient was blinded to the order of application of the pungent solutions and to questions about the pungency. In accordance with prior studies (28), the capsaicin solution (capsicum extract No. 1lco7jo45; Alps Pharmaceutical Industry Co., Ltd.) was diluted to the following concentrations in pure water (capsaicin aqueous solution): 0.1, 0.2, 0.3, 0.6, 1, 1.9, 3.2, 5.6, 10, 20, 30, 60, 100, 190, 320, and 560 ppm. Measurement of the sensation of pungency in the subjects continued up to the maximum concentration that each subject could handle (maximum pungency sensitivity).
Examination of pain sensation of the skin. While blindfolded in the resting state, each subject experienced gradually increased weak electric current emitted from the Pain Vision ® device, and the current values at the point where the current was first discerned (minimum sensing threshold) and at the point where pain was first felt (cognitive threshold) were measured. The protocol is shown in Fig. 1 . Statistical analysis. Values are expressed as mean6 SD. The threshold of taste before and after the stress load and the threshold of pungency were assessed with the Wilcoxon rank sum test. The detection of forearm pain, the pain threshold of the forearm, HR, SBP, HF, and LF/ HF were assessed with a t-test. Comparison of pungency threshold and forearm pain was conducted with Spearman correlation analysis. The significance level was set at p,0.05.
Ethics committee. This research was approved by the Kanagawa Institute of Technology University (approval no. 20171212-22). All subjects were provided detailed information on the experiment and gave their written informed consent. This study was conducted in accordance with the Declaration of Helsinki.
RESULTS
The results of the cardiovascular function measurements during the mental arithmetic stress test are shown in Table 1 . The results of statistical analysis are indicated by the lowercase letters to the right of the values measured during or after mental arithmetic stress loading. The details of this notation are as follows: the results during mental arithmetic stress loading were compared with both "rest 1" and "rest 2," and those that showed a significant difference with "rest 1" are identified with the letter "a." Those that showed a significant difference with "rest 2" are identified with "b." For the taste test, the pain sensation test, and the pungency test, the value at rest corresponding to each measurement was compared with the value after stress loading. If a significant difference was observed in the test results, it was identified with the letter "c." For example, the systolic blood pressure data were compared between before and after the mental arithmetic loads in the taste test and are marked with a "c." Items not showing a significant difference were not identified with letters after the mental stress calculation.
Each measured value of HR, SBP, DBP, and sympathetic nervous activity was significantly higher during mental arithmetic than during rest (rest 1 or rest 2) (p,0.05). The value for parasympathetic nervous activity during mental arithmetic was significantly lower than that during rest (both rest 1 and rest 2) (p,0.05).
Values of SBP and sympathetic activity measured during the taste test, pain sensation test, and pungency test were significantly higher (p,0.05) after the mental arithmetic stress load than before it.
The results of the taste test are shown in Fig. 2 . The mean values showed a small decrease in the sensing threshold for discerning sweet, salty, sour, and bitter tastes after the mental stress, but the differences were not significant between before and after the mental stress test. The mean values of the cognitive threshold for sweet, salty, sour, and bitter tastes also showed a decrease after the mental stress, and those differences were significant (p,0.05) (Fig. 3) . The mean maximum sensitivities to pungency concentrations were significantly higher after mental stress than those measured before mental stress (p,0.05) (Fig. 4) . The degree of pain felt in the forearm skin during mental stress was significantly higher than that felt at rest. Furthermore, on the basis of a central value of 0.3 of the increase (between rest 1 and during the mental arithmetic stress test) in sympathetic nerve activity (determined by subtracting the rest value from the mental stress value), the subjects were divided into two groups, the mental stress group and non-mental stress group, and compared. There was a significant positive correlation between the degree of increase in sensitivity to the maximum pun- gency concentration and the degree of increase in pain current in the mental stress group, but there was no correlation in the low-mental stress group (Fig. 5 ).
DISCUSSION
In this study, we investigated whether sensations of taste and pungency are affected by mental stress. The mental stress task used experimentally to create a stress environment is a mental arithmetic task that is often used in research (29) . As indicated in Table 1 , both the subjects' cardiovascular functions (blood pressure and HR) and sympathetic nerve activity increased while performing the mental arithmetic task. The fluctuation of autonomic nervous activity during stress loading was confirmed by an increase of 0.5 in the LF/HF ratio reflecting sympathetic nerve activity and a decrease of 10 ms 2 in average parasympathetic activity, both of which showed significant differences during the stress load. This suggested that the subjects experienced stress that changes autonomic nervous activity. Although it is presumed that a subject's experience of stress and autonomic nerve variability depends on the susceptibility of the individual to stress and the influence on the autonomic nerves, the fluctuation of autonomic nervous activity after stress was comparable to that noted in a previous report (24) . In addition, although there were significant differences in the mental stress (between rest 1 and during the mental arithmetic stress test) of the subjects, as Table 1 shows, the range of fluctuation was large, and individual differences in susceptibility to stress were great. Incidentally, because controlling respiration itself may be a stress, respiratory control was not done in the present study. Measurements of ECG for which breathing is not regulated in this way are performed in many clinical studies (22, (24) (25) (26) . Furthermore, analysis of autonomic nerve activity is based on the low probability of occurrence of respiratory arrhythmia due to mild stress loading in healthy young people and automatic elimination by the analysis device when an arrhythmia does occur.
As indices of taste, the "detection threshold" indicates a concentration that does not lead to discrimination of taste although there is an uncomfortable feeling, but the "cognitive threshold" indicates a concentration at which taste can be discriminated for the first time. A high threshold means that the sensation of taste is low (dull), and a low threshold means that the sense of taste is high (sharp). The mean values of the cognitive thresholds of the four basic tastes (i.e., sweet, salty, sour, and bitter) were all decreased after the mental stress, and sweet, salty, and bitter tastes were significantly decreased under the influence of the mental stress load. In previous studies, Ileri-Gurel et al. examined the change in sweetness and salty taste before and after the Stroop color words test and found that the threshold for both tastes decreased (i.e., the tastes became sensitized) (7). Heath et al. investigated the four tastes in subjects taking a dose of noradrenaline or serotonin as a formulation rather than when it is secreted during stress sensitivity in a direct stress test. After the subjects took serotonin, the thresholds of sweetness and bitterness decreased (i.e., the sensitization of sweetness and bitterness was activated). After the subjects took noradrenaline, the threshold of bitterness decreased (i.e., the experience of bitterness was sensitized) (10). Rai and Kaur (12) indicated that the response to bitterness, sweetness, and sourness became quicker and that acidity may be due to the increased pH caused by the increase in the amount of HCl in saliva, as evidenced by the bitter taste of mouse saliva due to proline-rich proteins following administration of a b adrenergic. Therefore, they estimated that the increase in bitterness is due to transporting substances in saliva resulting from stress (12) . The salty taste results were different between Ileri-Gurel et al. and Heath et al. Our study results were similar to those of Heath et al. and showed a decrease in threshold due to stress (i.e., taste sensitization). The burden of stress on humans and stress due to medication are not necessarily the same, so further studies are awaited.
In the in vitro research, recent studies have shown that taste receptor cells respond to noradrenaline (10) and that the action of noradrenalin enhances the response of gustatory nerves (10) . As in the present study, it is considered that an increase in cardiovascular function observed by accelerated sympathetic nervous activity is mainly due to adrenaline and noradrenaline released at the time of an immediate stress burden. This therefore suggests that the increase in the cognitive threshold of taste was caused by these nerves and implies that this is due to activation in taste cells of transmitter substances in the sympathetic nervous system by mental stress.
In contrast, there have been reports in epidemiological studies that people exposed to long-term stress (9), depressed patients (12) , and obese people (7) have a weak sense of taste. In addition, the four tastes were investigated during relatively short periods of mental stress (4 min of public speaking, 8 min of mental arithmetic, and 90 s of cold stimulation by ice on the fingertips). A significant decrease in the taste of sweetness was observed, and the relationship with the cortisol value measured at the same time was described (9) . According to the reports (9), cortisol is stated as increased at mental stress. In the case of persistent stress, cortisol is also secreted in addition to adrenaline and noradrenaline, which are enhanced at the time of rapid stress (9) . In recent years, cortisol receptor expression was confirmed in confined rat taste cells (27) . Because we did not measure cortisol in our study, we do not know the details of its secretion. Of concern, when considering stress load time and circulatory dynamics, a stress that would be influenced by cortisol would be overly long and the load would be excessive. In the results of previous studies (7) (8) (9) (10) (11) (12) (13) , no consensus as to the effect of psychological stress on cognitive threshold has been reached. In addition to the lack of research from the beginning, the kind of mental stress, the load condition, and the inspection items are not standardized. Although the basic neuroscience of the stress response is currently well understood, our understanding of the relation between this system and taste is limited. Thus, further investigation is needed from the viewpoints of molecular biology, physiology, and nutrition.
In the test of pungency, the threshold increased after mental stress, indicating that the sensation of pungency was decreased. The capsaicin used as a pungent substance is a kind of spice that modifies the taste of food. Capsaicin is not sensed by taste bud receptors but is sensed at one of the TRPV member pain sensors, the capsaicin receptor (TRPV1) (16) . Thus, because pungency is recognized as a sense of pain, we investigated the partial reaction to pain by the full body due to stress by evaluating skin pain using low-current stimulation.
After mental stress, skin pain decreased, and its blunting was particularly noticeable in those subjects with increased sympathetic nerve activity. To our knowledge, there are almost no reports of the influence of stress on the sensation of pungency. However, there are reports of skin pain sensation caused by stress and capsaicin applied to the skin instead of the tongue, so we compared our research results to these reports. One report noted that the pain of capsaicin coating the skin decreased after an acute mental stress test (30) . Another report showed that the susceptibility to skin current decreased after the performance of a mental arithmetic task similar to that of the present study (31) .
Pain substances are sensed at the receptors of pain sensation. The signals enter the spinal cord via sensory nerves, are transferred to neurons in the spinal cord, pass through the medulla oblongata, and are recognized as pain in the cerebral perception area (29) (30) (31) . Besides sensory nerves in the spinal cord, sympathetic nerves and parasympathetic nerves are also present and have changeable neurons. Therefore, it is possible that the sensory nerve can receive the action of noradrenaline secreted from the stress-activated sympathetic nerve. In addition, it is known from various studies that noradrenaline and adrenaline have pain-alleviating actions and are actually neurotransmitters of a low-level suppression system that suppresses upper-brain dominance of the spinal cord (29) (30) (31) (32) . In the process of cognition of pain in the cerebrum, the sensory nerve also receives modifications such as serotonin, b-endorphin, GABA, etc., secreted from the brain stem and pituitary and is recognized in a relaxed state according to the degree of stimulation (29) (30) (31) . In our study, because we did not measure substances such as b-endorphin and cortisol, the relationship with these substances that regulate pain is unknown, so the mechanism of pain recognition and capsaicin application on the tongue and pain during stress is unknown. As a result of a previous study, the significant correlation between the degree of increase of sympathetic nerve activity and activity of capsaicin concentration was known. So, at least, the increase in sympathetic nerve activity due to the short period of mental stress affected pungent sensation in our study.
The results of both the taste detection threshold and minimum skin current detection threshold were less affected by mental stress. The detection threshold of taste refers to "the point at which a taste is unknown, but some sense of discomfort is felt on the tongue," and the minimum current detection threshold of pain sensation also indicates the "sensed point." In other words, although both thresholds are incompatible, it means that a taste or pain sensation has not been discerned yet. There are many papers on taste testing that do not describe results related to the detection threshold (7) (8) (9) (10) (11) (12) (13) , but the studies that do mention it are those of cross-sectional research comparing different people. For example, a report that examined aging and taste showed that the detection threshold and the cognitive threshold become dull as age increases (32) . In addition, in reports comparing healthy subjects with those with dementia, the patients with dementia experience an increase in the cognitive threshold from the beginning, but the detection threshold increases later (33) Although there are a few cases where both the detection threshold value and the cognition threshold value are described in the load test on the same subject, the papers state that a fluctuation in the cognitive threshold occurs but that no change occurs in the detection threshold (10) . The reason is that in the case of feeling a sensation before cognition, due to the subject's belief, the sensation is regarded as another taste and it is difficult to obtain accurate information. There are descriptions in the literature that compare pain sensations with other causes of pain; for example, the results of survey of pain sensation from temperature stimulation were reported that made comparisons across different people in crosssectional research (34) . The load test results of taste in the same person do not seem to change very much. Thus, because there is little information on the detection threshold, it is difficult to understand this threshold in detail, but it may be different among individuals and variation within an individual may be small. In other words, it may be hard for noradrenaline, etc., secreted at the time of stress to affect the threshold in the state before a person is susceptible to taste and pain sensation even under stress load, but the details will be revealed in future research.
However, it is also known that cortisol secreted by the adrenal glands due to long-term stress is secreted in response to particularly strong pain.
The influence of and the resistance to the taste threshold can differ depending on the type and degree of stress.
When the results of both taste and pungent sensation were integrated, similarity was observed in the detection threshold or minimum detection threshold, but the cognitive threshold was different in both reactions. The following four points were inferred for the different reactions of the cognitive threshold. The first is a conjecture about the action pathway of noradrenaline (14) . The taste buds comprise two-thirds of the tongue from the tip, which is innervated by the lingual nerve, to the glossopharyngeal nerve, which innervates the back portion (14) . The taste test was performed on the tip of the tongue, so lingual innervation was considered to be involved. Taste substances pass through the taste buds, then from the tongue nerve through the tympanic nerve to the facial nerve, and neurons are changed in the medulla oblongata (7) (8) (9) (10) . The second neuron route is from the solitary nucleus of the medulla oblongus to the thalamus, and the third neuron is thought to be from the hypothalamus to the cerebral cortical taste field (27) although there are still other complicated pathways in the medulla oblongata and hypothalamus (27) . In sympathetic neurons of the upper part of the spinal cord, acetylcholine is secreted in the anterior fibers, and noradrenaline is released from the end of the descending fibers of the nerve cells (14) . In other words, considering the transmission path of the nerve, the sensory nerve that conveys the feeling of pain transfers neurons in the spinal cord, so the effect of noradrenaline secreted from the sympathetic nerve endings is stronger than that of the nerve conveying the sensation of the taste transferred to neurons in the medulla oblongata, and thus the pain sensation may be easier to receive. The second point concerns effects other than those from the sympathetic nerve. Pain may also be due to the involvement of these other effects as it is known that pain can be relieved by serotonin or b-endorphin, in addition to noradrenaline (18, 31, 33) . As a third point, as confirmed in cultured taste cells (10) , it is possible that tissues other than nerves are activated by stress. Fourth is that the target of noradrenaline caused by activation of the sympathetic nerve in response to short-term stress differs between the sensory nerve transmitting pain and the nerve transmitting taste, but the details are unclear. These many unclear details are left to future studies.
There are some individual differences in pungency (pain) between the kinds of receptors, and the action of mitigating substances in the neurotransmission pathway is assumed (35) (36) (37) (38) . Moreover, when people eat pungent foods little by little from childhood, they build tolerance to and get used to these foods (2) . Changes in tolerance and resistance to nerve reactions due to repeated ingestion of capsaicin were observed in animal experiments (18) . Therefore, to improve the accuracy of the present research, the subjects were limited to those who were able to taste all of the test solution concentrations prepared in advance and did not have daily extremes of pungent taste. The present results and previous literature suggest that relaxation occurs in the recognition of pungency (pain) in the brain during mental stress. We thought that this relaxation is due to the influence of sympathetic nervous activity accelerated by the mental stress load in the spinal cord. It was interesting that the influence on taste and pain sensation differed due to an increase in sympathetic nerve activity caused by an immediate short-term mental stress. The relation between the sense of taste and food intake is important because it implies the morbidity of various diseases and their possible prevention.
The present study has limitations. First, the mental arithmetic load used was short term and probably induced only a small stress. The mental stresses of social life are long term and can be severe. It will be necessary to pursue further study of changes in the sensations of taste and pungency under such long-term and variable stresses. Second, because the electrode used by the
Pain Vision
® cannot be applied to the tongue, the pain threshold was measured on the skin of the inside forearm, which is the electrode location designated for the device.
The acute mental arithmetic load caused a decrease in the taste threshold and an increase in the pungency threshold. Subjects whose sensation of pungency was reduced by stress also experienced decreased pain sensation of the skin, and the correlation between them was significant. This suggested that the sensations of taste and pungency may be adjusted by substances activated by mental stress. Regarding the relation between sensation and stress, which is still being clarified in molecular biology, the results of this study may provide information that supports its contents from the viewpoint of human physiological experiments. Because many unclear points remain regarding the influence of mental stress on the sensations of taste and pungency and the current information is limited, further study will be required in the future.
